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Abstract 

A  nonlinear  extinction  of  transmitted  light  is  observed  in  liquid  crystal  cells  with  large 
concentrations  of  anthraquinone  dye.  Two  distinct  mechanisms  are  responsible  for  this 
effect  when  exposed  to  low  and  high  intensity  light,  respectively.  At  low  intensities, 
critical  opalescence,  micro-scatter,  and  an  increase  in  linear  absorption  occur;  whereas 
high  intensities  result  in  scattering  from  photo-induced  micro-bubbles. 

Keywords:  Liquid  Crystals,  Anthraquinone  Dye,  Critical  Opalescence,  Micro-domains, 
Bubbles,  Marangoni  Effect 

Introduction 

One  of  the  more  important  developments  in  nonlinear  optics  of  liquid  crystals  (LCs), 
following  the  discovery  of  the  orientational  mechanism  of  optical  nonlinearity  [1-3],  is 
the  comprehension  that  the  nonlinear  refraction  of  LCs  could  be  enhanced  by  one  to  two 
orders  of  magnitude  due  to  the  addition  of  certain  dyes.  These  enhancements  of  the 
optical  nonlinearities  have  been  observed  with  dye  concentrations  as  low  as  0.1  wt.%  [4- 
6].  The  presence  of  dyes  in  LCs  has  been  shown  to  be  an  effective  means  of  increasing 
the  nonlinear  extinction  of  radiation  due  to  physical  processes  such  as  absorption  or 
scattering  [7-9]. 

Large  concentrations  of  dye  in  LCs  have  not  been  investigated  to  the  same  level  as 
weakly  doped  materials,  in  the  present  paper  we  show  that  increasing  the  dye 
concentration  of  anthraquinone  (AQ)  doped  LCs  to  saturable  levels"  results  in  new 
intricate  processes  of  light  extinction  and  scattering.  The  physical  mechanisms 
responsible  for  these  processes  have  been  determined  to  be  rather  different  for  low  and 
high  intensities  of  laser  light.  At  low  intensities,  the  transmitted  light  appears  to  vanish 
under  certain  conditions  due  to  critical  opalescence,  formation  of  micro-domains  and 
enhanced  absorption,  and  has  been  dubbed  the  “Black  Hole”  effect.  Above  a  critical 
pump  intensity,  the  light  is  abruptly  back-scattered  due  to  the  generation  of  micro¬ 
bubbles  invoking  the  term  “Switchable  Reversed  Diffraction”  (SRD). 

Material  and  Experimental  Description 

LC  cells  consisting  of  4-pentyl -4’ -cyano  biphenyl  (5CB),  with  thicknesses  of  30  pm,  50 
pm,  and  80  pm,  were  doped  with  various  concentrations  of  1, 8-dihydroxy, 4, 5- 
diamino,2,7-diisopentyl-anthraquinone  (AQ)  dye  ranging  from  0.3  wt,  %  to  2.0  wt.  %. 
The  molecular  structures  of  both  the  host  LC  (5CB)  and  the  AQ  dye  are  shown  in  Fig.  1. 
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The  glass  substrates  were  covered  with  0.5  wt.%  solution  of  poly (vinylal coho  1)  (PVA)  in 
distilled  water  and  spin-coated  for  30  s  at  4000  rpm.  The  PVA  films  dried  at  80°C  for  20 
min.  and  were  then  rubbed  anti-parallel  with  a  cloth  to  yield  a  planar  aligmnent.  The  30 
pm  thick  LC  cells  were  doped  with  various  concentrations  (0.3,  0.6,  0.75,  0.85,  1.0,  1.2, 
and  1.5  wt.  %)  of  AQ  dye,  which  were  used  to  determine  the  influence  of  the  linear 
absorption  on  the  black  hole  effect.  The  50  pm  thick  cells,  doped  with  either  1 .2  wt.% 
or  2.0  wt.  %  AQ  dye,  were  used  for  the  investigation  of  the  scattering  effects,  micro- 
domain  and  critical  opalescence,  associated  with  the  black  hole  effect.  The  80  pm  thick 
cell  contained  2.0  wt.  %  AQ  dye  and  was  used  for  the  study  of  the  SRD  effect. 

Several  different  experiments  were  conducted  for  this  study.  Absorption 
spectroscopy  was  used  to  compare  the  effects  of  concentration  on  the  linear  absorption  of 
the  nematic  and  isotropic  phases.  The  dynamics  of  both  the  black  hole  and  SRD  effects 
were  characterized  using  either  an  unpolarized  continuous  wave  (CW)  633  nm  He-Ne 
laser  (Coherent  31-2082-000)  or  a  linearly  polarized  CW  532  nm  laser  (Coherent  Verdi), 
respectively.  Near-field  images  of  these  effects  were  observed  with  a  CCD  camera;  the 
experimental  arrangement  used  for  collecting  these  images  is  shown  in  Fig.  2a.  A 
Hitachi  KP20B  CCD  was  used  for  the  investigation  of  the  black  hole  effect,  whereas  a 
Sony  DC-77RR  CCD  was  used  for  the  investigation  of  the  SRD,  Far-field  images  were 
observed  in  a  similar  manner  where  the  light  transmitted  through  the  LC  cell  onto  a 
screen;  without  the  use  of  the  white  light  source,  10X  microscope  objective,  notch  filter, 
and  CCD  camera  as  shown  in  Fig.  2a.  To  quantify  the  SRD  effect  in  the  thick  cell,  both 
transmission  and  reflection  measurements  were  conducted  using  an  integrating  sphere, 
where  the  cell  was  placed  at  normal  incidence  in  the  focal  plane  as  shown  in  Fig.  2(b,c). 
Because  of  the  thickness  and  large  absorption  coefficient  of  the  cell  used  for  the  SRD 
effect  studies,  532  nm  was  selected  in  order  to  reduce  the  absorbance.  The  hysteresis 
curve  of  the  divergence  angle  as  a  function  of  input  power,  as  related  to  the  SRD  effect, 
was  measured  in  the  same  cell  using  a  35  mm  focal  length  lens  (f/47)  to  focus  the  laser 
light  onto  the  sample.  The  transmitted  beam  was  viewed  on  a  screen  placed  36  mm 
behind  the  LC  cell.  Except  where  specified,  the  focusing  conditions  used  were  f/27  and 
f/14  for  the  black  hole  and  SRD  measurements,  respectively. 

Results  and  Discussion 
Part  1  -  Black  Hole  Effect 

The  black  hole  effect  is  described  in  Fig.  3,  where  the  laser  beam  exiting  of  theUCcelTis 
shown  for  various  positions  of  the  cell  with  respect  to  the  focal  plane.  At  weak 
intensities  (<  1  W/cm2)  light  is  transmitted  through  the  cell  without  undergoing  nonlinear 
effects  (Fig.  3a,e).  Increasing  the  intensity  of  light  on  the  LC  cell  results  in  local  heating, 
which  changes  the  LC/dye  mixture  from  a  nematic  to  an  isotropic  phase.  At  higher 
intensities  (>  10  kW/cm2),  when  the  cell  is  placed  at  the  beam  waist,  self  phase 
modulation  occurs,  as  shown  is  Fig.  3  c.  This  is  apparent  by  the  typical  nonlinear  phase 
modulation  pattern  observed  in  the  far-field  (1-3].  In  between  these  positions  at  an 
intermediate  focal  position,  (Fig.  3b, d),  where  the  incident  intensity  is  -10  W/cm2,  the 
transmitted  beam  disappears.  Although  it  is  not  shown  in  Fig.  3  at  intermediate  positions 
(between  positions  A  and  B  and  positions  D  and  E)  a  single  ring  forms,  which  we  believe 
is  due  to  the  tlireshold  of  self-focusing  giving  rise  to  an  on- axis  intensity  spike  in  the  near 
field  and  the  Fourier  transform  of  this  in  the  far  field  (a  single  ring).  Upon  recollimation, 
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the  beam  quality  is  restored  indicating  the  average  phase  profile  is  not  significantly 
distorted.  The  transmission  of  the  2.0  wt%  AQ  doped  LC  cell  as  a  function  of  distance 
from  focus  for  different  incident  powers  is  shown  in  Fig.  4;  the  cell  was  translated  at  450 
/rm/s.  At  low  power  levels  the  transmission  reaches  a  minimum  at  the  focal  plane  of  the 
lens  and  decreases  with  increasing  incident  power.  Starting  from  around  4  mW,  the 
transmission  in  the  focus  increases  with  increasing  power.  The  effect  of  a  decreasing 
transmission  at  such  higher  power  values  is  further  observed  in  the  vicinity,  however,  at  a 
distance  from  the  focus. 

There  are  several  mechanisms  considered  to  be  associated  with  the  black  hole  effect: 
micro-domain  scatter,  critical  opalescence,  and  enhanced  absorption.  Figure  5  shows  the 
effect  of  the  micro-domain  scatter,  where  heat  generated  from  the  strong  absorption  of 
the  dye  drives  the  LC  molecules  to  phase  transition  point.  A  laser  beam  of  14.4  mW 
power  was  focused  onto  a  50  pm  cell  using  an  L80  focusing  optics  in  these  tests.  In 
order  to  observe  the  domain  structure,  the  LC  cell  was  placed  between  crossed -polarizers 
on  a  microscope  stage  such  that  the  LC  director  was  at  45°  with  respect  to  the  polarizers 
in  order  to  block  the  laser  light  after  the  cell.  The  near-field  images  were  viewed  using  a 
10X  microscope  objective  and  a  CCD  camera.  Immediately  after  the  laser  beam  was 
removed,  a  large  density  of  micro-domains  was  observed.  On  the  order  of  100  ms  after 
the  laser  beam  was  switched  off,  there  was  a  reduction  in  the  density  of  these  micro- 
domains;  several  seconds  later  the  micro-domains  vanished.  Although  the  role  of  the  dye 
in  this  process  is  believed  to  be  a  source  of  heat  generation,  it  is  not  excluded  that  the  dye 
molecules  could  form  aggregates  that  would  split  the  LC  orientation  into  small  domains 
as  well. 

In  addition  to  the  micro-domains,  critical  opalescence  also  contributes  to  the 
scattering  effect  when  the  nematic  and  isotropic  phases  approach  a  critical  density. 
Figure  6  shows  the  difference  between  the  micro-domain  (Fig.  6a)  and  critical 
opalescence  (Fig.  6b)  scattering  mechanisms,  where  the  physical  appearance  of  these  two 
mechanisms  is  quite  distinct  when  observed  in  the  near-field.  A  direct  observation  of 
critical  opalescence  in  the  AQ  dye  doped  LC  cell,  while  scanning  the  sample  across  the 
laser  beam,  shows  a  milky  scattering  structure  as  shown  in  Fig.  6b. 

Another  contributing  mechanism  to  the  black  hole  effect  is  the  enhanced  absorption 
experienced  in  the  isotropic  phase.  When  the  LCs  are  heated  into  the  isotropic  phase  by 
the  incident  laser  beam;  the  linear  absorption-of  the  AQ/LC  mixture  in  the  isotropic  phase 
increases.  When  the  concentration  of  dye  is  above  0.3  wt.%,  the  absorption  in  the 
isotropic  phase  becomes  significantly  greater  than  that  of  the  nematic  phase.  Figures 
7(a,b)  show  the  linear  absorption  spectra  for  two  different  concentrations  of  AQ  dye  in 
the  30  pm  thick  cells  (0.3  and  1.2  wt.%);  the  absorption  in  the  two  phases  is  nearly  equal 
at  0.3  wt.%  dye  and  almost  a  factor  of  two  different  for  the  cell  with  1.2  wt.%  dye.  In 
Fig.  7c,  the  absorption  coefficients  as  a  function  of  dye  concentration  for  a  laser  beam 
polarized  parallel  and  perpendicular  to  the  orientation  of  the  LCs,  and  the  absorption 
coefficients  measured  in  the  isotropic  phase  also  and  <a>  are  shown  for  the  wavelength 
633  nm.  The  absorption  coefficients  are  defined  for  the  intensity  of  the  beam:  Iout  = 
I,nexp(-aL)  where  and  Iout  are  the  intensity  values  at  the  input  and  output  of  the  LC 
cell,  respectively.  It  is  interesting  to  note  that  the  measured  value  of  the  absorption 
coefficient  in  the  isotropic  phase  is  larger  than  the  expected  average  value  that  is 
calculated  by  individual  measurements  of  the  absorption  coefficients  for  laser  beam 
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polarization  parallel  and  perpendicular  to  the  orientation  direction  of  the  LC  <c£>  =  (ct[|  + 
2a±)/3.  This  discrepancy  increases  with  greater  dye  concentrations.  This  is  a  clear 
indication  that  a  large  dye  concentration  triggers  complex  processes  in  the  material,  such 
as  formation  of  dye  aggregates  with  a  temperature  dependent  "aggregation  number,"  as 
well  as  diffusion.  It  would  be  speculative  to  make  more  specific  statements  without 
detailed  further  research  of  this  phenomenon. 

Part  2  -  Switchable  Reversed  Diffraction 

The  effect  of  relatively  high  intensities  on  a  LC  cell  with  a  large  concentration  of  dye,  2.0 
wt.%  AQ,  is  examined  in  this  part  of  the  work.  A  CW  532  nm  laser  is  used  rather  than 
the  He-Ne  because  the  absorption  is  weaker  at  this  wavelength  allowing  for  a  more 
detailed  analysis  of  the  transmitted  and  reflected  beams  with  less  of  a  loss  due  to  the 
strong  absorbance.  The  same  effect  is  observed  in  the  red,  but  with  a  lower  switching 
threshold  intensity  because  of  the  larger  linear  absorption  in  that  spectral  region  (see  Fig. 

7)' 

At  relatively  high  intensities  (up  to  25  kW/cm  ),  when  the  cell  is  placed  at  the  beam 
waist,  the  transmitted  light  through  the  LC  cell  forms  concentric  ring  patterns,  where  the 
inner  rings  are  fine  and  the  outer  rings  are  coarse,  shown  in  Fig.  8a  at  position  S2.  This 
ring  pattern  is  characteristic  of  self-focusing  due  to  thermal  indexing,  which  is  the  change 
in  the  index  of  refraction  due  to  the  inhomogeneous  heating  of  the  material,  as  is  also  the 
case  in  Fig.  3c.  The  inhomogeneous  heating  is  due  to  the  Gaussian  profile  of  the  laser 
beam.  The  Fresnel  reflection  from  the  cell  counter-propagates  along  the  incident  beam 
and  can  be  seen  around  the  entrance  hole  of  the  screen  at  position  St.  The  transmission 
increases  linearly  with  incident  power,  although  the  transmitted  intensity  decreases 
because  the  ring  pattern  increases  in  diameter  with  increasing  power. 

As  the  incident  power  is  increased  to  a  threshold  power  -~1 8  mW  (—25  kW/cm2),  an 
apparently  instantaneous  switching  effect  occurs,  where  a  significant  amount  of  the 
transmitted  light  suddenly  reverses  direction  becoming  counter-propagating  (SRD).  This 
effect  is  shown  in  Fig.  8b,  where  the  transmitted  beam  at  position  $2  is  relatively  weak 
and  the  backward  diffracted  beam  at  position  Si  is  significantly  greater  in  intensity. 
Unlike  the  transmitted  ring  pattern  at  lower  intensities,  the  reversed  diffracted  rings  are  of 
equal  space  and  thickness.  It  was  observed  that  the  switching  occurs  due  to  the  formation 
of  a  gaseous  micro-bubble  which  acts  as  a  micro-mirror  as  seen  in  Fig.  9c.  Even  though 
the  EUs  are  degassed  in  a  vacuum  chamber"  before  making  the  LC  cells,  it  may“"be 
possible  that  some  air  stays  in  them  forming  the  micro-bubbles  when  enough  heat  is 
generated.  For  comparison  the  LCs  in  the  nematic  and  isotropic  states  and  the 
corresponding  transmission  patterns  are  shown  in  Figs.  9a  and  9b,  respectively.  Because 
of  the  spherical  nature  of  the  gas  bubble,  the  reversed  diffraction  direction  is  independent 
of  the  angle  of  the  incident  beam.  Even  with  the  cell  set  at  a  70°  tilt  with  respect  to  the 
incident  beam,  the  reversed  diffracted  beam  counter-propagates  along  the  incident  beam, 
rather  than  in  the  direction  of  the  Fresnel  reflection.  This  is  only  true  as  long  as  the 
micro-bubble  generated  is  smaller  than  the  thickness  of  the  cell.  Micro-bubbles 
generated  with  a  power  level  significantly  greater  than  threshold  do  not  allow  for  pure 
counter-propagating  beams.  The  micro-bubbles  increase  in  size  with  power,  when  their 
diameter  is  on  the  order  of  the  thickness  of  the  LC  cell  they  are  distorted  by  the  cell 
boundaries. 
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In  order  to  quantify  the  amount  of  transmitted  and  reversed  diffracted  light, 
transmission  and  reflection  measurements  were  conducted  using  an  integrating  sphere. 
The  light  was  focused  onto  the  cell  while  it  was  mounted  at  the  entrance  port  of  the 
integrating  sphere.  The  transmitted  light  was  collected  in  the  integrating  sphere  and  the 
results  are  shown  in  Fig.  10a.  For  input  powers  up  to  10  mW  (—14  kW/cm2)  the 
transmission  is  linear.  The  transmission  becomes  nonlinear  over  a  power  range  of  10  - 
-18  mW  (-14  — 25  kW/cm2),  indicating  that  the  absorption  is  increasing.  In  this  power 
range  the  LCs  are  in  the  isotropic  state;  the  increased  absorption  corresponds  with  the 
results  seen  in  Fig.  7.  At  ~25  kW/cm2  there  is  a  sudden  increase  in  transmitted  power, 
although  the  overall  intensity  is  reduced  as  seen  in  Fig.  8b.  The  transmitted  light 
Increases  after  the  formation  of  the  micro-bubble,  because  a  small  region  of  highly 
absorbing  dye  is  replaced  with  a  non-absorbing  gas. 

For  reflection  measurements,  the  light  was  focused  through  the  integrating  sphere 
onto  the  cell  while  it  was  mounted  at  the  exit  port  of  the  integrating  sphere.  The  Fresnel 
reflection  was  reflected  back  through  the  entrance  port  in  order  to  minimize  the  detection 
of  scattered  light  inside  the  integrating  sphere.  A  bare  window  was  used  as  a  reference, 
which  shows  only  a  small  amount  of  scatter  over  the  power  range  used.  Replacing  the 
bare  window  with  the  LC  cell,  a  sudden  increase  in  reflected  power  is  seen  at  the  same 
power  threshold  as  the  increased  transmission  occurs. 

To  verify  that  the  intensity  actually  decreases  although  the  transmitted  power  has 
been  shown  to  increase,  the  hysteresis  of  the  scattering  angle  (divergence)  of  the 
transmitted  light  is  determined  as  a  function  of  input  power  as  shown  in  Fig.  11.  When 
increasing  the  power  up  to  the  threshold  of  reversed  diffraction  (1 8-20  mW),  the  angle  of 
divergence  gradually  increases  from  0.25  rad  to  0.79  rad.  When  the  micro-bubble  forms 
at  the  threshold  power,  in  this  case  -18.5  mW,  the  transmitted  beam  divergence  suddenly 
jumps  from  0.79  to  2.25  rad.  Once  switched,  the  beam  divergence  remains  at  2.25  rad 
down  to  power  levels  (5.8  mW,  8  kW/cm2)  that  are  unable  to  sustain  the  micro-bubbles. 
Once  a  micro-bubble  is  formed,  it  remains  in  the  laser  beam,  even  at  a  fraction  of  the 
threshold  power  required  for  its  formation.  When  the  laser  intensity  (i.e.  generated 
surface  tension)  is  too  weak  to  hold  the  micro-bubble  (<  5.8  mW)  in  the  path  of  the 
focused  beam,  the  bubble  floats  away  and  the  transmitted  beam  returns  to  0.25  rad 
divergence.  The  reason  for  the  trapping  of  the  bubble  in  the  laser  beam  is  related  to  the 
M  arangon  i  Effeet-f  1-0] T  -  The  gradient  of  heat- generated  in  the  laser-beam -yields  a  surface 
tension  gradient.  The  liquid  flows  from  regions  with  low  surface  tension  to  regions  with 
a  higher  surface  tension.  For  volume  conservation,  the  bubble  moves  the  opposite  way 
(to  fill  the  fluid  void).  When  the  heat  generated  by  absorption  is  inadequate  to  generate 
the  required  surface  tension,  the  bubble  breaks  loose  and  floats  away. 

Conclusions 

Two  different  effects  have  been  observed  in  LCs  with  large  concentrations  of  AQ  dye 
depending  on  the  incident  intensity.  At  low  intensities,  the  effect  in  which  the  light 
disappears  at  the  output  of  the  LC  cell  has  been  referred  to  as  the  black  hole  effect.  This 
effect  is  due  to  micro-domain  scatter,  critical  opalescence,  and  enhanced  absorption  in  the 
isotropic  phase.  At  high  intensities,  SRD  occurs  when  photo -induced  micro-bubbles 
reflect  (or  diffract)  light  in  a  counter-propagating  direction,  regardless  of  the  angle  of 
incidence  of  the  laser  beam.  A  highly  concentrated  dye  doped  LC  cell  allows  for  the 
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ability  to  manipulate  light  over  a  large  range  of  intensities  using  different  physical 
mechanisms  in. a  single  cell. 
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Figure  Captions 

Fig.  I"  The  structural  formula  and  modeling  ofthe  molecules  of  the  component  materials: 
a)  nematic  liquid  crystal  4-pentyM’-cyanobiphenyl  (5CB);  b)  anthraquinone  dye:  1,8- 
dihydroxy, 4  ,  5-diamino  ,2, 7-diisopentyl-anthraquinone . 

Fig.  2  The  experimental  arrangements  for  near-field  imaging  (a)  and  integrated  power 
measurements  (b,c).  The  arrangement  in  schematic  (a)  consists  of  a  lens  (L),  a  liquid 
crystal  cell  (LC),  a  white  light  source  (W),  a  microscope  objective  (O),  a  notch  filter  (F), 
and  a  CCD  camera  (C).  The  arrangement  in  schematics  (b,c)  consist  of  a  lens  (L),  a 
liquid  crystal  cell  (LC),  an  integrating  sphere  (IS),  and  an  external  power  detector  (P). 
Arrangement  (b)  is  used  for  transmission  measurements,  where  a  blank  cover  (BL)  is  on 
the  exit  port  for  case.  Arrangement  (c)  is  used  for  reflection  measurements  where  an 
aperture  (AP)  is  used  on  the  entrance  port. 

Fig.  3  Far-field  image  of  the  transmitted  light:  a,e)  Normal  transmission,  b,d)  black  hole 
effect,  and  c)  self  phase  modulation. 

Fig.  4  Transmission  of  the  2  wt%  AQ  doped  LC  cell  as  a  function  of  distance  from  focus 
for  different  powers  of  an  unpolarized  633  nm  laser  beam.  The  powers  used  were  (a)  0.5 
mW,  (b)  0.7  mW,  (c)  1 .7  mW,  (d)  3.8  mW,  (e)  5.2  mW,  and  (f)  9.3  mW. 

Fig.  5  Near-field  images  of  the  micro-domain  structure  as  a  function  of  time.  The  times 
listed  correspond  to  the  duration  of  time  past  since  the  laser  beam  was  removed. 

Fig.  6  (a)  Formation  of  micro-domain  structure  immediately  after  switching  off  the  He- 
Ne  laser  beam,  (b)  Direct  observation  of  critical  opalescence  when  scanning  the  red  laser 
beam  across  the  sample. 

Fig.  7  Unpolarized  absorption  spectra  of  the  dye  doped  LC  cells  as  a  function  of 
concentration,  a)  0.3  wt.  %,  b)  1.2  wt.  %.  The  solid  curves  are  the  spectra  measured  in 
the  isotropic  phase  and  the  dotted  curves  are  the  spectra  measured  in  the  nematic  phase. 
Cc)  Absorption  coefficient  (a)  as  a  function  of  dye  concentration  for  a  laser  beam 
polarized  parallel  (ay)  and  perpendicular  (aj.)  to  the  orientation  of  LCs.  aiso  and  <a>  are 
the  measured  absorption  coefficients  in  the  isotropic  phase. 

Figr  8-  Far-field  images- are  the  "transmitted  and  reverse- diffracted  light-from  the  dye 
doped  LC  cell.  The  experimental  arrangement  consists  of  a  lens  (L),  a  liquid  crystal  cell 
(LC),  and  screens  (Si  and  S2),  where  the  incident  laser  beam  entered  through  the  screen  at 
Si. 

Fig.  9  Diagrams  of  the  scattering  effects  observed  as  a  function  of  input  intensity  and  the 
corresponding  images  of  the  liquid  crystal  in  the  (a)  nematic  state,  (b)  isotropic  state,  and 
(c)  gaseous  state  (presence  of  a  micro-bubble). 

Fig.  10  Integrated  transmitted  (a)  and  reflected  (b)  powers  as  a  function  of  input  power 
(squares).  The  inset  in  trace  (a)  is  an  enlargement  of  the  weaker  input  powers  (0  —  20 
mW).  The  open  circles  in  trace  (b)  are  the  reflected  light  values  from  a  bare  window. 

Fig.  1 1  Hysteresis  of  the  scattering  angle  of  the  transmitted  light  as  a  function  of  input 
power.  The  inset  is  a  schematic  of  the  experimental  arrangement. 
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